ABSTRACT This paper focuses on a secrecy constrained massive multiple-input multiple-output (MIMO) relaying system in terms of the optimal design of system parameters such as the optimal total number of antennas at relay, where a more practical mixed analog-to-digital converters (ADCs) scheme, doubleresolution ADCs scheme, is proposed. In the proposed double-resolution ADCs scheme, the total M antennas at relay are divided into two parts, one of which includes M 0 antennas with medium-resolution ADCs only requiring 5∼12 quantization bits and the remainder of which consists of M 1 antennas with low-resolution ADCs. The transmission from relay to destinations is exposed to a passive eavesdropper. For such massive MIMO relaying systems, we first derive the total achievable ergodic rates of legitimate users as well as the corresponding secrecy outage rates. Then, a reasonable energy consumption model is modeled so that the secrecy energy efficiency (SEE) is derived, where the effect of the source power, the resolutions of ADCs, and the ratio of the antenna numbers with medium-and low-resolution ADCs are exploited perfectly. The presented numerical results show that replacing high-resolution ADCs with medium-resolution ADCs is beneficial for improving the system SEE while the effect on the total achievable rate is very small. Specially, three main insights are achieved: 1) there exists an optimal value of the source power at which the SEE is optimal; 2) with given ratio M 0 : M 1 , the optimal value of quantization bits of medium-resolution ADCs is upper-bounded, under which the system has higher SEE, that is to say, we obtain the upper bound of the resolution of the medium-resolution ADCs; and 3) the optimal number of the total antennas is impacted jointly by the number b 0 of the quantization bits of medium-resolution ADCs and the ratio M 0 : M 1 . Specially, while the optimal number of the total antennas is 100 or so for the pure high-resolution ADCs systems, the one for the proposed double-resolution ADCs systems would up to 500∼700. Moreover, the optimal antenna number is increasing with the decrease of b 0 and the ratio M 0 : M 1 so that the system performance can be improved further.
I. INTRODUCTION
With the application of the fourth generation (4G) mobile communications worldwide, research and development for the fifth generation (5G) is now in full swing [1] , [2] . 5G technology is supposed to evolve existing networks and to integrate new dedicated solutions such as massive multiple input multiple output (MIMO) [3] , relay, ultra-dense networks [4] , millimeter wave [5] , and so on. Specially, as one of the most promising 5G technologies, massive MIMO has been proved to have huge advantage on spectral efficiency (SE), energy efficiency (EE), and robustness compared with traditional MIMO systems [6] .
However, the excellent performance achieved by massive MIMO is based on the assumption of ideal hardware. With this assumption, the hardware cost and circuit power consumption of the conventional MIMO scale linearly with the number of its antennas, which has been noticed in [3] , [7] , and [8] . The reason is that digital signal processing (DSP) is an integral part of all modern communication systems. In order to process data digitally, the analog baseband signals have to be mapped to the digital domain. This requires conversion both in time (sampling) and amplitude (quantization). The circuit that performs this last operation, known as analogto-digital converters (ADCs), is a necessary component in every modern communication system that includes DSP. An ADC with sampling frequency f s and resolution of b bits maps the continuous-amplitude samples into a set of 2 b quantization levels, by operating f s 2 b conversion steps per second. For massive MIMO systems with M antennas, an equivalent number of ADCs are necessary, thus leads to the total sampling is Mf s 2 b . Consequently, the cost and power consumption are exponentially increased for the ideal hardware equipment where the resolution b is very large. Moreover, for wideband millimeter wave massive MIMO systems, the power dissipated per conversion step (FoM, figure of metric [9] , [10] ) increases dramatically for sampling rates higher than about 100MHz [11] . This implies that, for wideband communications, the ADCs become a bottleneck in terms of power consumption. As a result, this drawback impedes the application of massive MIMO systems.
To overcome this problem, various low power solutions have been proposed with a certain tolerant performance loss from hardware impairments [12] . Among them, substituting the ideal hardware with low-resolution ADCs (less than 5 bits) is regarded as a promising candidate and has attracted ubiquitous attention in communication filed due to its favorable property of low cost, low power consumption and feasibility of implementation. Currently, great efforts have been made to understand the efforts of low resolution ADCs on the performance of massive MIMO systems. In early works [13] , [14] , the low resolution ADCs have been introduced into massive MIMO systems. By proposing a message passing de-quantization algorithm, authors addressed multiuser detection problem that was further investigated in [15] . The channel estimation for low resolution massive MIMO systems has been conducted in [16] - [19] . Wang and Zhang [20] introduced both low-precision in-phase quadrature-phase (de-)modulator and low-resolution ADCs into massive MIMO to decrease the latter's circuit power and cost. In [21] , considering the fact that hybrid analog/digital architecture and receivers with low-resolution ADCs are two key solutions to reduce the cost and power consumption, a generalized hybrid architecture with a small number of radio frequency (RF) chains and arbitrary resolution ADCs has been proposed. Besides the above literatures, the up-todate contributions can be found in [22] - [26] . In [22] and [23] , the approximately analytical expression of the uplink achievable rate for massive MIMO with low-resolution ADCs was derived, which was based on the additive quantization noise model (AQNM) provided in [24] and [25] . Due to the works [22] and [23] only considering the maximum ratio combining (MRC) scheme, the work [26] presented a supplement to [22] and [23] , where the zero-forcing (ZF) scheme was employed. The work [27] focused on the wideband massive MIMO with one-bit ADCs.
While it is a consensus that the low-resolution ADCs, especially one-bit ADC, is an energy-efficient solution, the works [28] - [30] pointed out that one-bit quantization scheme generally has to tolerate the large loss in spectral efficiency, especially in high signal-to-interference-noise ratio (SINR) regime [31] , thus highlighting the indispensability of highresolution ADCs (12 to more than 20 bits) for massive MIMO systems. In practice, besides the spectral efficiency loss in high SINR, a pure low-resolution ADC system also causes several other problems as stated in [30] , including phase/frequency synchronization, error floor for linear multi-user detection, complex channel estimations, and so on. Moreover, under one-bit quantization scheme, the overhead of pilot-aided channel estimation is very large, such as 50 times the number of user [32] , because of strong nonlinear characteristic of one-bit quantizes. At the same time, one-bit MIMO requires much more RF chain in base station (BS) in order to reach the similar performance in comparison with the un-quantized MIMO [12] . Consequently, its benefits from adopting one-bit ADCs will be offset partially, since the power and cost from other RF components are increased. This practical implement constraint motivated the works [28] - [30] proposing a mixed-ADCs architecture for massive MIMO system in which the low-and high-resolution ADCs coexist. By employing the information-theoretic tool of generalized mutual information (GMI) in [28] and [29] , the achievable data rate of the mixed-ADCs massive MIMO system was derived. The work [30] proposed a mixed-ADCs massive MIMO detector. By replacing the pure one-bit architecture with mixed-ADCs, the capacity of massive MIMO uplink has been achieved in [33] .
From the above literature review, we can find that while the works [13] - [21] have the consensus that the pure low-resolution ADCs, especially one-bit ADCs, are energy efficient, the works [28] - [30] noticed that the pure lowresolution ADC scheme inevitably causes several problems, and proposed mixed-ADC schemes for massive MIMO systems. Moreover, for the mixed-ADC massive MIMO systems, the achievable uplink capacity has been achieved in [33] . However, for the novel scheme, there are some problems that are not solved so far.
Firstly, the achievable EE for the massive MIMO systems with mixed-ADCs has to been evaluated accurately as well as the optimal system parameter design even if all of the existing works claimed that the low-resolution massive MIMOs are energy efficient. In practice, along with the development of massive MIMO technology, the EE of the full-resolution massive MIMO has been investigated widely, too. For example, in the seminal work, Björnson et al. [34] have modulated the energy consumption of the massive MIMO systems with ideal full resolution ADCs. In [35] , by using the similar power cost model as in [34] , the area energy efficiency has been achieved for a multi-cell massive MIMO system with ideal hardware. The energy efficiency of two-hop massive MIMO relaying systems has been investigated in [36] and [37] . It is easy to see that although the works [34] - [37] evaluated the EE of the massive MIMO systems, all of the existing works focused on the massive MIMO systems with ideal hardware and the energy consumption of ADCs is considered a constant. The effect of the ADCs' resolution has not been exploited. From the works [38] , [39] , we see that the power consumption of ADCs greatly dependents on its resolution and operation modes. However, the above components have not been considered in [34] - [37] . To the best of authors' knowledge, although the works [13] - [21] stated the low resolution massive MIMO systems have improved EE and the works [28] - [30] , and [33] proposed the more practical mixedADCs scheme for massive MIMO systems, the accurate estimation of EE and the optimal hardware design have not been addressed so far.
Secondly, the complexity and power consumption of the mixed-ADC scheme for massive MIMO can be further decreased. The reason is that the mixed-ADC scheme proposed in [33] consists of full and low resolution ADCs. Obviously, with the increase of the portion of antennas with full-resolution ADCs, the complexity and power consumption of such massive MIMO systems are still high. From the results in [22] and [23] , it is found that, when the value of resolution approaches 3∼5 bits, the low-resolution ADC systems can achieve approximately the optimal ergodic rate of full-resolution ADCs systems. The promising result indicates that it is not necessary to equip the full-resolution ADCs in the mixed-ADCs schemes. It would be a preferable choice that in the mixed-ADCs schemes, the high-resolution ADCs can be replaced with medium-resolution ADCs (5∼12 bits). Specially, a part of the antennas is equipped with mediumresolution ADCs (5∼12 bits), while the other part of the antennas is accompanied by low resolution ADCs (1∼5 bits). As a result, the complexity and power consumption can be decreased, but also the loss in SE is negligible. As a result, the potential of high-(medium-) resolution ADCs can be exploited.
Thirdly, the physical layer secrecy for massive MIMO has been considered recently [40] - [42] . Different from the traditional secrecy achievable through cryptographic encryption, such physical layer secrecy is based on information theory and exploits channel propagation characteristic such as fading, noise, and interference. The crux of physical layer secrecy is to maximize the rate difference between the legitimate channel and the eavesdropper channel, namely secrecy rate. References [43] and [44] further introduced cooperative jammers which transmit jamming signals to eavesdroppers to improve secrecy capacity. With this consideration, in massive MIMO systems with low-(or medium-) resolution ADCs, the quantization noise can play the role of components jammers for cellular users. In this situation, the quantization noise is not harmful to but helpful for the massive MIMO systems.
Therefore, inspired by the aforementioned literature review, to fill in the gap of the massive MIMO systems with low-resolution ADCs, by combining physical layer secrecy a two-hop massive MIMO relaying system is investigated in terms of secrecy energy efficiency (SEE), where the transmission from relay to destinations is exposed to a passive eavesdropper. Specially, the massive antenna array is equipped with the double-resolution ADCs, of which M 0 antennas are connected with one-bit ADCs, and the remainder M 1 antennas of which are connected with medium-resolution ADCs. For such system, we first analyze the total achievable ergodic rate and secrecy outage rate of a typical sourcedestination communication pair. Then, we present the power consumption model where the effect of the quantization bits of the ADCs is integrated perfectly. In numerical analysis section, we investigate the joint impact of system parameters on the achievable ergodic rate and SEE. Specially, with the aim of maximizing SEE, the results answer the problems that what is the optimal value of user power, what is the upper bound of the quantization bits number of medium-resolution ADCs, what is the optimal ratio between M 0 and M 1 for given numbers of quantization bits, what is the optimal number of the total antennas for given quantization bits and the ratio between M 0 and M 1 , and so on. To the best of our knowledge, for the massive MIMO systems with mixedADCs, the above problems have not been addressed so far, especially, the optimal antenna number.
In this paper, we use boldface upper and lower letters to denote matrices and vectors. The notations (.) * , (.) T , and (.) H stand for the operations of conjugation, transposition, and conjugate transposition, respectively. We also use .
2 , Tr(.), and E{.} to represent Euclidean norm, trace, and expectation. Finally, we use z ∼ CN (0, ) denoting a circularly symmetric complex Gaussian vector z with zero mean and covariance matrix . 
II. SYSTEM MODEL AND CHANNEL ASSUMPTION
As shown in Fig.1 , we consider a multi-user massive MIMO relaying system, where K user pairs (S k , D k ), k = 1, . . . , K , communicate with the help of a common relay station by sharing the same time-frequency resources. All of the 2K users are equipped with single antenna and the relay has M antennas, M ≥ K . To decrease the power consumption of VOLUME 4, 2016 high-resolution ADCs and overcome the drawback of lowresolution ADCs, a double-resolution ADCs architecture is employed at the massive antenna array of relay (or BS). Typically, there are M 0 antennas connected with b 0 − bits medium-resolution ADCs, and M 1 antennas connected with b 1 − bits low-resolution ADCs, where
We also assume that the system operates over a bandwidth of BHz and the user channels stay static within a timefrequency coherence block of T = B C T C symbols, where B C and T C indicate the coherence bandwidth and coherence time of the channel, respectively. At each coherence block, the K source-destination pairs communicate, simultaneously. Due to the serious path loss, the direct-path link between each communication pair is unavailable.
The secrecy constrained communication scenario is considered. We assume that a passive eavesdropper is far away from the sources and is close to the massive MIMO relay. The communication links from relay to destinations are exposed to the passive eavesdropper who attempts to decode and interpret the signals of legitimate users. This is because it is difficult for the eavesdropper to overhear the signals from both the source and the relay simultaneously when they are far away.
A. CHANNEL MODEL
Let G SR0 ∈ C M 0 ×K be the channel matrix from K sources to M 0 relay's antennas with ADCs of b 0 quantization bits, and G SR1 ∈ C M 1 ×K be the one from K sources to M 1 relay's antennas with ADCs of b 1 quantization bits. By considering the large-scale and small-scale fading, the channel matrixes G SR0 and G SR1 are modeled respectively as
where Similarly, we define
RD ∈ C M ×K as the channel matrix from K destinations to M relay antennas, where
. . , β RD,K are the corresponding small scale fading channel matrix and large scale fading diagonal matrix, RD,k is the distance from the k-th destination to relay. We also define g RE = h RE β 1/2 RE ∈ C M ×1 as the channel vector from the relay to the eavesdropper, where the small-scale fading channel coefficient h RE ∼ CN (0, I) and the large-scale fading coefficient β RE = r −ν RE , r RE be the corresponding distance.
B. CHANNEL ESTIMATIONS
We consider a practical scenario where the sources and relay are fixed and the relay serves mobile terminals [45] , [46] . In this case, the first-hop channel G SR0 and G SR1 can be estimated accurately at relay and therefore can be considered ideal. Whereas the second-hop channel G RD is imperfect, and only the estimated channel state information (CSI) can be used. In general, a part τ of coherence interval T is used for channel estimation. It is assumed that the relay estimate channel G RD by performing minimal mean square error (MMSE) estimation and using orthogonal pilot sequences with transmission power P P . The MMSE channel estimation of G RD is given by
where
where σ 2 n is the additive noise power.
C. DATA TRANSMISSION
The relay works on the time-division duplexing (TDD) mode. The remainder T − τ coherence interval is divided into two phases, i.e., up-phase and down-phase. In the up-phase, all sources simultaneously transmit signals to relay with power P S . The received signal at the M 0 relay antennas connected with ADCs of b 0 quantization bits is formulated as
where y R0 ∈ C M 0 ×1 , x ∈ C K ×1 is the source signal vector, and n R0 ∈ C M 0 ×1 is the noise vector at the M 0 relay antennas, the noise vector modeled as n R0 ∼ CN 0, σ 2 n I . Similarity, in the up-phase the received signal y R1 ∈ C M 1 ×1 at the M 1 relay antennas with b 1 quantization bits at the connected ADCs is written as
where the noise vector at the M 1 antennas satisfying n R1 ∈ C M 1 ×1 ∼ CN 0, σ 2 n I . According to Fig.1 , after receiving signals from sources, the received signals y R0 and y R1 are quantized by the M 0 b 0 − bits and M 1 b 1 − bits quantizers, respectively. In general, the quantization operation is nonlinear, and the quantization error is correlated with the input signals [22] , [23] . For a tractable analysis, the AQNM is employed [24] . Thus, the output signal vectors at the M 0 b 0 − bits quantizers and M 1 b 1 − bits quantizers can be given respectively by
where Q 0 {·} and Q 1 {·} are the quantization functions, α 0 = 1 − ρ 0 and α 1 = 1 − ρ 1 , with ρ 0 and ρ 1 being the distortion factors which depend on the resolution b 0 and b 1 of ADCs, respectively, n q0 ∈ C M 0 ×1 and n q1 ∈ C M 1 ×1 are the additive Gaussian quantization noise vector which are uncorrected with y R0 and y R1 , respectively. The covariance matrixes of n q0 and n q1 are given respectively by [22] , [23] 
As the input to the quantizers is Gaussian, the values of the distortion factors ρ 0 and ρ 1 for the non-uniform scalar MMSE quantizers can be founded in [22] . Therefore, the overall received signals from the quantizers Q 0 {·} and Q 1 {·} can be expressed as
At the relay, the maximum ratio combining/ maximum ratio transmission (MRC/MRT) processing scheme is adopted. With this consideration, multiplying the quantized signal y with MRC matrix G
which can be further expressed as
At the relay, the amplify-and-forward (AF) protocol is employed to forward the resulting signal r. Then, in the down-phase, the MRT is adopted by multiplying r with the beamforming matrix G * RD that is the estimation of G * RD . This leads to the received signal vector at the K destinations written as
where the additive Gaussian noise vector is modeled as n D ∈ C K ×1 ∼ CN 0, σ 2 n I and the power amplification factor ρ is formulated as the equation (14), which is shown at the bottom of this page. In the power amplification factor ρ, P R is transmit power at the massive MIMO relay.
Therefore, substituting (12) into (13) leads to the received signal at the K destination is given by
III. ACHIEVABLE ERGODIC RATE AND SECRECY OUTAGE RATE
In this section, the achievable ergodic rate and secrecy outage rate of legitimate users are performed. To this end, we first define the achievable ergodic secrecy rate R Sec k of the k-th source-destination communication pair (S k , D k ). Let R Dk be the achievable ergodic rate of the k-th legitimate destination D k and E Dk be the one of the eavesdropper seeking to intercept the information of the k-th source-destination communication pair (S k , D k ), then according to [48] , the
y Dk
lower bound of the achievable secrecy rate R Sec k for the k-th source-destination communication pair is formulated as
where [x] + = max(x, 0). With the secrecy rate R Sec k , the secrecy outage probability P k Out of the k-th sourcedestination communication pair is defined as the probability that the secrecy rate R Sec k is less than a secrecy outage threshold. The secrecy outage threshold is usually referred to as the secrecy outage rate R k SOR . Therefore, the secrecy outage probability P k Out of the k-th communication pair is defined as (18) Note that, the secrecy outage rate R k SOR must remain positive, or according to (17) the secrecy transmission will not be guaranteed. Therefore, with (17) the secrecy outage probability can be further written as
On the contrary, with a given secrecy outage probability P k Out = ε, the secrecy outage rate R k SOR can be derived. In the sequent subsections, we first investigate the achievable ergodic rate of the legitimate users as well as the statistical characteristic of the received SINR by the eavesdropper. Then, the secrecy outage rate R k SOR would be derived by using (19) .
A. ACHIEVABLE ERGODIC RATE OF LEGITIMATE USERS
Based on the received signal vector y D given in (16) at the K destinations, by using D RD = D RD +E RD , the received signal at the k-th destination is formulated as (15) shown at the bottom of this previous page, where we define F 0 = G * RD G SR0 and F 1 = G * RD G SR1 , respectively. With the received signal y Dk (15) , we can obtain the received SINR so that the achievable ergodic rate at the k-th destination can be derived. However, from (15) it is easy to see that the expression of SINR is complicated. Alternatively, resorting to the characteristic of massive MIMO, the law of large numbers can be used for necessary approximations. Therefore, using [49, Lemma 1] , the achievable ergodic rate R Dk by the k-th destination can be formulated as
where the pre-log factor 1/2 is introduced by the fact that two phases are involved during the signal transmission from sources to destinations, E DS and E DI are defined respectively by Obviously, E DS is given by (21) , as shown in the bottom of this page, denotes the desired signal power. In (22) , as shown in the bottom of this page, the interference power consists of four parts, where L a denoting the inter-user interference power, L b be the interference power from channel estimation error, L c1 and L c2 be the one from quantization errors at relay, L d1 and L d2 be the interference power from the additive Gaussian noise at relay. Thus, by skipping the tedious derivation, the closed-form expression of R Dk is formally established in the following theorem 1. The detailed proof is presented in Appendix A. Notice that, the proof of 1/ρ 2 is given in Appendix B.
Theorem 1: For the secrecy constrained multi-user massive MIMO relaying system with double-resolution ADCs and imperfect CSI from relay to destinations, when the MRC/MRT procoding employed at relay, the achievable ergodic rate of the k-th source-destination communication pair is given approximately by
At the same time, 1/ρ 2 is given by (31) shown at the bottom of this page.
From Theorem 1, we can find that the derivation exploits the joint impact of system parameters on the achievable ergodic rate of the k-th source-destination communication pair, especially the parameters α 0 , α 1 , M 0 , and M 1 . For the receive signal power E DS , it is found that the effect of the double-resolution scheme is trivial. This yields that when M M 0 and M M 1 , the second part in (24) can be omitted. Therefore, we have approximation
The observation further indicates that decreasing the resolution of ADCs is feasible due to limited effect on the receive signal power. For the power of interference signals, the similar results can be achieved. At the same time, with Theorem 1, it is easy to obtain the corresponding ergodic rate by taking M 1 = 0 for the systems where the signal-resolution ADCs are employed.
B. STATISTICAL CHARACTERISTIC OF RECEIVED SINR AT THE EAVESDROPPER
To obtain the secrecy outage rate, the statistical characteristic of received SINR by the eavesdropper is required. Due to the fact that, in this work, we assume that the passive eavesdropper is far away from the sources and is close to the massive
MIMO relay, the eavesdropper only monitors the transmission from relay to destinations during the down-phase. Hence, when the relay employs the MRT to forward the received signals, for the passive eavesdropper, the received signal is given by (32) shown at the bottom of the previous page, where n E ∼ CN 0, σ 2 n is the additive Gaussian noise at the eavesdropper, g RE is the channel vector from relay to eavesdropper. Hence, when the eavesdropper seeks to decode the information of the k-th source-destination communication link, the achievable ergodic rate of the eavesdropper is given approximately by E Dk ≈ 1 2 log 2 1 + γ E k , where γ E k is formulated as (33) shown at the bottom of the previous page.
To calculate γ E k , by using [48] . Therefore, with the consideration of independence and the law of large numbers, we have Lemma 1.
Lemma 1: For the multi-user massive MIMO relaying systems, when the passive eavesdropper seeks to decode the information of the k-th source-destination communication link, the received SINR by the eavesdropper is given approximately by
where we define A = E 1 , B = σ 2 0 /ρ 2 , and C = E 2 +E 3 +E 4 . Moreover, E 1 , E 2 , and E 3 are respectively given by Lemma 2: The cumulative distribution function of γ E nk is given by
where A, B, and C are defined by Lemma 1.
C. SECRECY OUTAGE RATE
According to the definition of the secrecy outage probability in (19) and combining R E k ≈ 1 2 log 2 1 + γ E k that is the achievable ergodic rate of the eavesdropper, the secrecy outage probability of the k-th source-destination communication link is written as
where (a) follows from the equation (39) . Therefore, when the secrecy outage probability satisfies P k Out = ε, we have the identity
Therefore, we have Theorem 2 that presents the secrecy outage rate R k SOR of the k-th source-destination communication pair.
Theorem 2: For the multi-user massive MIMO relaying systems, when the passive eavesdropper seeks to decode the information of the k-th source-destination communication link, the achievable secrecy outage rate is given by
where A, B, and C are defined by Lemma 1. From Theorem 2, it is achieved that the secrecy outage rate is proportional to R Dk . This is consistent with the system model as the increasing R Dk may enhance the secrecy rate as shown in (17) . For the effect of ε, due to ε < 1 we have that the secrecy outage rate R k SOR is increasing with the outage probability ε. Specially, when the outage probability ε is very small, the secrecy outage rate is free of ε. In this case, the systems have small secrecy outage rate, i.e, small secrecy outage threshold.
IV. SECRECY ENERGY EFFICIENCY
In this section, we investigate the secrecy energy efficiency, which is defined as the ratio of the total secrecy outage rate and the total power consumption. Let P Tot be the total power consumption of the considered multi-user massive MIMO system with the double-resolution ADCs, the secrecy energy efficiency can be written as
In (43), the total secrecy outage rate R SOR is defined by
where the secrecy outage rate R k SOR of the k-th sourcedestination communication link is defined by (42) . Therefore, here we only perform the analysis of the total power consumption P Tot . In general, the total power consumption comprises radiated power, circuit power and power consumed for signal processing. In this work, we ignore the power consumption at all destinations for simplicity and only consider the power consumption at sources and relay. Thus, with the assumption, the total power consumption for the considered massive MIMO AF relaying systems can be modeled as P Tot = P Tx + P C (45) where P Tx is the power consumed by power amplifiers (PAs) and P C is the total circuit power consumption. The circuit power consumption P C can be further written as P C = P fix + P tc + P sig (46) where P fix is a constant accounting for the fixed power consumption required for controlling, site-cooling, the loadindependent power of baseband processes. P tc denotes the circuit power consumption at transceiver chains, which includes the power consumption in transmit filter, mixer and ADCs. Specially, in P fix the ADCs at relay are responsible for a large portion of the power consumption so that we consider it as the main source of circuit power consumption. Therefore, according to [38] , for our double-resolution scheme, the power consumption of all ADCs at relay can be formulated as
where B is the transmission bandwidth, C is a constant determined by the specific design of the ADCs, N 0 is the noise power spectrum density. P sig is the power consumption of channel estimation and linear signal processing at the relay, which is modeled as
In (49) and (50), the first term denotes the power consumption of channel estimation. In this paper, we calculate the number of bit operations required for channel estimation and linear processing tasks, from linear algebra computational, and divide it by the computational efficiency (in bit operation) of current progress [50] . Therefore, in (49) and (50), L R is the computational efficiency of the hardware in [bit operation/Joule]. The second term denotes the power consumed by making matrix-vector multiplication for receiving signal. The third term accounts for the power require for the computation for the MRC/MRT property [34] .
Finally, the power consumption by power amplifier is formulated as
where η PA,S and η PA,R are the efficiency factors of the power amplifiers at sources and relay, respectively, and P P is the pilot transmit power. 
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we present the numerical results to validate the analytical results achieved in above sections and to highlight the insights in terms of the impact of system parameters on system performance as well as the optimal design. Especially, the analysis would answer the problem what is the optimal number of antennas in the proposed double-resolution ADCs MIMO relay systems. Unless otherwise specifically, throughout the analysis we employ the system parameters on energy cost introduced in [51] and [52] , which are selected and given in Table I . Specially, a single cell scenario is considered where the users are distributed randomly and uniformly over the whole cell with the exception of central disk of guard radius r G . For simplicity, we take P S = P R . The large-scale fading coefficients from sources to relay and the ones from With the above system parameters, in Fig.2 we investigate the total end-to-end ergodic rate and secrecy outage rate for cellular users by taking b 0 = 16 and b 1 = 1. Obviously, in this case b 0 = 16 the M 0 antennas are connected with high-resolution ADCs. From Fig.2 , it is easy to see that when the user power P S is small, the derivations match well the presented simulations. However, in high user power region there is a gap between the derivation and simulation.
This means that only the lower bound is achieved. Nevertheless, due to the small gap between the simulation and derivation, the observation validates our analytical results. For the effect of M 0 , comparing the results in Fig.2 (a) , it is found that when the user power is small, the loss in the achievable ergodic rate caused by decreasing the number of antennas with resolution b 0 = 16 is very small. When the user power is high, increasing the number of antennas with resolution b 0 = 16 can enhance the achievable ergodic of legitimate user. However, the achievable gain of the total ergodic rate is small even if all antennas are equipped with the high resolution b 0 = 16, i.e, M 0 = 256. For example, under the case where the user power is 30dB, the system with M 0 = 256 and M 1 = 0 only achieves the total rate enhancement of 0.5 × 10 8 bits/s over the system with M 0 = 128 and M 1 = 128. All of these observations indicate that the enhancement on spectral efficiency via increasing the number of antennas with high-resolution ADCs is limited. Fig.2 (b) presents the total achievable secrecy outage rate of the legitimate cellular users. Besides the similar observations as in Fig.2 (a) , it is found that there exists an optimal value of the user power at which the total secrecy outage rate of users approaches the maximum. When the user power is smaller than the optimal value, the achievable total secrecy outage rate is increasing with the user power. On the contrary, it is decreasing with the user power. However, it is also achieved that when the user power is large enough, the achievable total ergodic secrecy rate would saturate to a constant that is smaller than the maximum. The observation can be explained as follows. Firstly, Fig.2 (a) indicates that when the user power is small relativity, the user rate is increasing with the user power. According to the definition of secrecy outage rate in (42), we have the result that in the region where the user power is small relatively, the secrecy outage rate is increasing with P S . Secondly, when the user power is greater than the optimal value, we see that the total user rate saturates to a constant. However, in this power region the second term in (42) is still increasing with P S . Therefore, we have the result that in this P S region, the total secrecy outage rate is decreasing with P S . Finally, when P S is large enough, both the user rate and the value of the second part of (42) are constant so that the secrecy outage rate is a constant.
As one of the main objects, Fig.3 (a) presents the achievable secrecy energy efficiency comparison analysis for the considered scenarios b 0 = 16 and b 1 = 1. We see that decreasing the number of antennas connected with the ADCs of resolution b 0 = 16 can enhance evidently the SEE. Compared with the system with M 0 = 128 and M 1 = 128, we see that the system with M 0 = 8 and M 1 = 248 achieves about a SEE gain of 1.6 × 10 6 bits/Joule. Fig.3 (a) and Fig.2 (a) show that though employing more antennas with high-resolution ADCs is beneficial to exploit the potential of high-resolution ADCs as well as small improvement on spectral efficiency, it is achieved at the price of the loss in SEE. Therefore, to balance the SEE and the potential of high-resolution ADCs, it is preferable to decrease the number M 0 of antennas with resolution b 0 = 16 so that the improvement on SEE is distinct, but also the loss in spectral efficiency is negligible. At the same time, Fig.3 (a) clearly shows that, with our considered system parameters, there is an optimal value of P S , at which the SEE is maximum. Moreover, the optimal value of P S is increasing with the decrease of M 0 . That is to say, decreasing the number M 0 of the antennas with resolution b 0 = 16 yields the increase of the optimal value of P S . Comparing Fig.2 and Fig.3 (a) , we can find that the reasonable P S region in which the SEE is monotonically increasing is less than the one in which the total ergodic rate is increasing. Taking the system with M 0 = 8 and M 1 = 248 as example, Fig.2 (a) and (b) show that the total achievable ergodic rate and secrecy outage rate are increasing when P S ∈ [0, 30dB]. However, Fig.3 (a) shows that the SEE is monotonically increasing only when P S ∈ [0, 14dB]. Obviously, when the SEE constraint is considered, the monotonically increasing region of P S decreases. This is an interesting result because it answers the problem that how to select the optimal P S so that the SEE is maximal. Although Fig.2 and Fig.3 (a) show that increasing the value of M 0 can exploit the potential of high-resolution ADCs, it is achieved at the price of the loss in SEE. In practice, as an alternative solution, we can decrease the value of quantization bits b 0 by replacing the high-resolution ADCs with mediumresolution ADCs. This observation inspires us proposing a double-resolution ADCs massive MIMO relaying scheme. In Fig.3 (b) and Fig.4 , we present the corresponding performance comparison analysis, where we take b 0 = 8 and b 1 = 1. Firstly, we compare the results between Fig.2 and Fig.4 . We see that under the two cases, the two systems achieve approximately identical ergodic rate. So does the secrecy outage rate. However, comparing Fig.3 (a) and Fig.3 (b) , we find that decreasing the value of b 0 leads to an evident increase in the secrecy energy efficiency. Especially, the achievable SEE gain is very large for the case VOLUME 4, 2016 where the value of M 0 is high. That is to say, the greater the value of M 0 , the more the SEE gain is achieved. The observations validate our proposed double-resolution ADCs massive MIMO relaying system. At the same time, the loss in the total ergodic rate is small. This observation is further validated in Fig.5 where we present the 3-D graph of the secrecy energy efficiency versus M 0 and P S under different b 0 . The 3-D figure clearly shows that replacing the highresolution ADCs with medium-resolution ADCs can enhance the secrecy energy efficiency. Fig.5 (a) shows the achievable maximum SEE is varying fast with M 0 while Fig.5 (b) displays it is changing slowly with M 0 . The reason is that the value of b 0 in Fig.5 (a) is greater than the one of b 0 in Fig.5  (b) . At the same time, Fig.5 (a) and Fig.5 (b) also display the impact of P S on the secrecy energy efficiency as well as the corresponding optimal value of P S at which the systems achieve the maximum SEE.
In Fig.6 , we present the investigation of the effect of the quantization bits b 0 on the secrecy energy efficiency under (49) and (50) the power consumption of channel estimation and linear signal processing is also increasing with the resolution of ADCs. This is an interesting result because it indicates that, to exploit the potential of high-resolution ADCs, how to select the maximum value of b 0 . Besides this, it is also found that the curve moves right with the increase of M 1 so that the upper bound of b 0 is enlarged. Fig.6 provides a useful guide line along which a reasonable b 0 can selected so that the system not only has high secrecy energy efficiency, but also exploits the potential of high-(medium-) resolution ADCs. On the one hand, to improve the SEE the value of b 0 should be equal the upper bound. On the other hand, to enlarge the upper bound of b 0 , we can decrease the number of antennas connected with ADCs of the resolution b 0 . For example, when we take the antenna numbers M 0 = 8 and M 1 = 248, the value of b 0 can be selected within the region [10, 14] . Nevertheless, Fig.6 further indicates that it is feasible to replace the high-resolution ADCs with mediumresolution ADCs.
In Fig.2-Fig.6 , by taking the fixed number of the total antennas, the achievable total ergodic rate and SEE have been investigated. Specially, under the maximum SEE constrain, the above results answer the two main problems, i.e., what be the optimal value of user power and the optimal upper bound of quantization bits b 0 of medium-resolution ADCs. In sequence, we investigate the effect of the number of total antennas on system performance, which would answer the problem what is the optimal value of the total number of antennas as well as the effect of system parameters on the optimal value.
In Fig.7 (a) , we take M 0 : M 1 = 1 : 3. The figure indicates that, for a given resolution b 0 , increasing the number of total antennas is not always increasing the secrecy energy efficient. Contrarily, there is an optimal number of antennas at which the secrecy energy efficiency is maximum. However, the optimal number of the total antennas is increasing with the decrease of the resolution b 0 so that the SEE can be further enhanced. The observation indicates that, in massive MIMO systems, increasing the number of antennas is not always beneficial for energy efficiency improvement. Especially, for our secrecy constrained massive MIMO system with highresolution b 0 = 14, the system achieves the maximal SEE when the number of total antennas is 100, approximately. However, the limitation can be relaxed by replacing the high-resolution ADCs with medium-resolution ADCs. For example, Fig.7 (a) shows that when b 0 = 10, the optimal number of the total antennas equals approximately to 700 so that the SEE of the massive MIMO systems is improved by 5 times over the case b 0 = 14. Therefore, to enlarge the optimal number of the total antennas, it is a preferable choice to replace the high-resolution ADCs with medium-resolution ADCs so that the SEE and SE can be improved further. At the same time, in Fig.7 (b) we also investigate the impact of the ratio of M 0 : M 1 on the optimal number of antennas by fixing b 0 = 12. As expected, with the decrease of the ratio M 0 : M 1 , the optimal number of the total antennas is increased and the achievable SEE is enhanced. It is achieved that when M 0 : M 1 = 1 : 3, the optimal number of M is 300 and the system SEE is 2.2 times as much as the one of the system with M 0 = M and M 1 = 0. Therefore, we have the insight that, under the case where the quantization bits b 0 is fixed, another effective method to increase the optimal number of the total antennas is decreasing the ratio M 0 : M 1 . In Fig.8 , we present the 3-D graph of the SEE versus b 0 and M (or M 0 ). Fig.8 (a) further displays the effect of b 0 on the optimal number of the total antennas as well as the corresponding improvement on SEE. The similar results can also be achieved in Fig.8 (b) .
VI. CONCLUSIONS
This paper focuses on a physical layer secrecy constrained massive MIMO relying systems, where the double-resolution ADCs scheme is employed at the massive antenna array. In the proposed double-resolution ADCs scheme, the total antennas at relay are divided into two parts, one of which are connected with medium-resolution ADCs only requiring 5∼12 quantization bits and the remainder of which are connected with low-resolution ADCs. For the scheme, we first present the ergodic rate of a legitimate user pair as well as the statistical description of the received SINR of the eavesdropper. With the derivations, the secrecy outage rate of a legitimate user pair is achieved. Finally, a practical energy cost model is proposed, in which the effect of the quantization bits of ADCs in massive antennas is exploited. By using the proposed energy cost model, the secrecy energy efficiency is formulated. The presented numerical results show that it is an effective solution to replace the high-resolution ADCs with medium-resolution ADCs.
APPENDIX A PROOF OF THEOREM 1
According to (20) , to obtain the ergodic rate of the k-th source-destination communication pair, the expectations of E DS and E DI are required, firstly. Here, we first derive the expectation of E DS . To this end, by using the independence among G RD , G SR0 , and G SR1 , (21) is written as
By using definition
and the law of large numbers, we have the approxi-
2 . This leads to the first term in (52) is given by
where D {·} is variance operator. To perform (53), applying the random matrix directly yields the expectation satisfying 
With the completely similar line, the second part of (52) is given by
The third and fourth parts are expressed as
With (56), (55), (54), (52) , the result (24) can be achieved. We now calculate the terms of E DI given by (22) , the interuser-interference term L a is written as
× E Re g 
In (58) 
Combining (59), (58), (57), we have the result (25) . The term from the channel estimation error is calculated as follows.
Then, (26) can be achieved by using the fact that (61) and (62), we have the result (27) . With the similar line, we can calculate L c2 , and have the result (28) .
Finally, using n q0 (n q1 ) ∼ CN 0, σ 2 n I leads to the evaluations of L d1 and L d2 , we have the result (29) .
APPENDIX B PROOF OF (31)
From (14) 
